ABSTRACT
In this paper, we introduce a C-scan ultrasound prototype and three imaging modalities for the detection of foreign objects inserted in porcine soft tissue. The object materials include bamboo, plastics, glass and aluminum alloys. The images of foreign objects were acquired using the C-scan ultrasound, a portable B-scan ultrasound, filmbased radiography, and computerized radiography. The Cscan ultrasound consists of a plane wave transducer, a compound acoustic lens system, and a newly developed ultrasound sensor array based on the complementary metaloxide semiconductor coated with piezoelectric material (PE-CMOS). The contrast-to-noise ratio (CNR) of the images were analyzed to quantitatively evaluate the detectability using different imaging modalities. The experimental results indicate that the C-scan prototype has better CNR values in 4 out of 7 objects than other modalities. Specifically, the C-scan prototype provides more detail information of the soft tissues without the speckle artifacts that are commonly seen with conventional B-scan ultrasound, and has the same orientation as the standard radiographs but without ionizing radiation.
INTRODUCTION
Penetrating trauma with retained foreign matter is commonly seen in emergency medical departments and in battlefield casualties. The inability to detect and remove foreign objects may lead to serious infection, inflammation or other possible complications. For injured patients, identification and localization of foreign objects are essential to facilitate the removal and treatment. Imaging modalities such as conventional radiography (1) and B-scan ultrasound (2-4) are commonly used for detecting the location, size and shape of the foreign object. Radiologist then identifies a foreign object by distinguishing its different radiodensity (or echo pattern in B-scan ultrasound) from that of the surrounding normal tissue. Once identified, localization for removal remains challenging; radiographs are usually done in a separate facility, limiting interactive wound cleaning and imaging; conventional ultrasound images require that the foreign matter presents a surface perpendicular to the ultrasonic beam.
We have previously reported that C-scan ultrasound can assist in guiding core biopsy, cyst drainage and the visualizing bone fractures (5-7). Unlike conventional B-scan ultrasound which provides a crosssectional image in the x and z (depth) directions, the C-scan imaging system produces images in the x-y plane, and does not require restricted pulse-echo orientations (when operating a B-scan probe, the pulse-echo orientation must remain perpendicular to the imaging target, otherwise the echo of the object will "disappear" from the display image due to misalignment of the scanning signal angle and the angle for detecting the echo). In addition, instead of repeated angular shift of the transducer as is done with B-mode ultrasound to find the reflection signal, C-scan ultrasound provides the scanning capability without moving the transducer. Lastly, the varying pressure applied with B-mode transducer may cause foreign object to shift location; while with C-scan the chance of lesion shift from the field of view is less.
In this study, we compared a novel C-scan ultrasound imaging prototype (Imperium Inc., Silver Spring, MD) with three conventional imaging modalities in their capability of detecting foreign objects contained in soft tissue. Foreign objects, made of varying materials including bamboo, plastics, glass, and aluminum alloys, were inserted into a slab of pork with skin, fat, and muscle tissues. Each object was individually inserted into the skin, passed through the fat layer, and penetrated into the muscle layer of the porcine tissue sample. Images of the porcine tissue sample were taken using the C-scan prototype, a portable B-scan ultrasound, a film-based radiography, and a computerized radiography (CR). We then computed the contrast-to-noise ratio (CNR) for each object in the soft tissue to evaluate the performance of the C-scan prototype against other imaging modalities.
MATERIAL AND METHODS

PE-CMOS sensor array
The C-scan ultrasound imaging prototype used in this study consists of three major components: a plane wave ultrasound transducer operating at 5MHz, a compound acoustic lens system, and an ultrasound sensor array using piezoelectric sensing complementary metaloxide semiconductor (PE-CMOS) technology. The twodimensional sensor has 128 × 128 pixel elements on a 1cm × 1cm area with 85 microns center-to-center spacing. A schematic diagram and a photograph of this PE-CMOS array sensor are shown in Figure 1A and Figure 1B , respectively. The detailed structures of this array consist of piezoelectric material which is deposited onto a silicon readout multiplexer through semiconductor processing, and a transducer array that is made by spin-coating a preselected read-out integrated circuit (ROIC) array with approximately 10 microns thick polyvinylidene difluoride (PVDF) copolymer. This PE-CMOS sensor array is responsive to a wide range of ultrasound frequencies from ~3KHz to ~25MHz ( Figure 2 ). Developments in the advanced acoustic science and sensor technology make this state-ofthe-art sensor array applicable to the ultrasound imaging in the projection geometry.
Compound acoustic lens system
In order to focus the incident ultrasound energy and project the entire field of view over the surface of the PE-CMOS sensor array, a compound acoustic lens system is employed. The two pieces of lenses are specially designed for this PE-CMOS sensor array by UltraAcoustics, Inc. (Woodstock, GA) when the ultrasound transducer is operated at 1MHz~10MHz. Figure 3 illustrates a ray tracing diagram of the compound lens system while a parallel ultrasound beam is used. Both lenses are made of Styraclear with refractive index of 0.63 and have the identical size of 7.0cm in diameter. The fixed distance between the front flat lens surface and the sensor array is 8.6cm. To change the focus, the rear lens can be moved forward/ backward with the sensor array fixed at the same place.
Concept of the ultrasound C-scan Imaging
Based on the physical characteristics of ultrasound, the projection imaging system has been developed as illustrated in Figure 4 . In the projection geometry, the imaging object is placed between the transducer and receiver. The emitted ultrasound energy generated from the unfocused transducer is attenuated inside the object; then, the acoustic lens system collects the transmitted-scattered energy and focuses it onto the 2D sensor. The receiving ultrasound energy is further processed by a standard video device for real-time display. Figure 5 gives a photograph of the laboratory C-scan prototype with arrows indicating the major components. In preliminary investigations, we found that the C-scan imaging prototype can generate real-time, non-distorted and speckle-free ultrasound images with a spatial resolution of ~350 microns and dynamic range at ~70dB (5, 6) . This system can also be adapted to perform ultrasound Computerized Tomography (US-CT) for imaging small objects when multiple views are acquired (8, 9 ).
Soft tissue and foreign objects
In this comparative study, four imaging modalities were used to evaluate their ability to detect foreign objects in soft tissue. The selected porcine tissue sample was a slab of pork consisting of skin, fat, and muscle layers ( Figure 6 ). The dimensions of the sample are ~10cm (L) × ~5cm (W) × ~2.5cm (H). The average sound speed for the porcine soft tissue is close to water: skin (~1500m/s), fat (~1430m/s), and muscle (~1580m/s) (10) . Their corresponding attenuation coefficients are: skin (2-4dB/cm/MHz), fat (0.8dB/cm/MHz) and muscle (0.5-1.5dB/cm/MHz) (11).
To better simulate injured soft tissue due to forceful penetration, seven foreign objects were inserted into the porcine soft tissue sample from the skin, passed through the fat tissue, and penetrated into the muscle layer. The insertion process was conducted in a container of water to prevent air bubbles. Figure 7 illustrates the seven foreign objects employed in the experiment including one bamboo Table  1 . Note that objects with unknown attenuation information were computed by the average intensity loss between their individual C-scan image and the initial image acquired where α represents the attenuation coefficient in Decibel (dB), I d is the target's average intensity in the C-scan image, I 0 is the initial intensity obtained without target, and x is the average thickness of the target. T t,w represents the intensity transmission coefficient which is a function of the acoustic impedances of the target ( Z t ) and water ( Z w ).
Imaging orientation
The same porcine soft tissue sample, containing the foreign objects, was imaged by the C-scan ultrasound prototype operated at 5MHz and three other imaging modalities including a portable B-scan ultrasound imaging system (Terason Ultrasound System with curved linear 4C2 wideband 128 elements probe operated at 4MHz), a filmbased radiography system operated at 44kVP, and a CR system operated at 40kVP. All images were obtained using a perpendicular viewing orientation in order to cover most of the foreign objects in the same view (Figure 8 ).
RESULTS
C-scan ultrasound images
The image characteristic of C-scan ultrasound is different from other imaging modalities, e.g. radiography 2 Experimental data computed by using the C-scan prototype, 3 Approximate value with air contained inside its fibrotic structure Figure 8 . The imaging direction for all image modalities is perpendicular to the inserting direction. and B-scan ultrasound. When the object has higher attenuation properties, it appears darker in the C-scan image because more ultrasound energy is attenuated within the object; thus, less energy passes through to the receiver.
In this experiment, a 5MHz transducer was employed to acquire ultrasound images of the porcine tissue sample using the C-scan prototype. Figure 9 shows a series of the C-scan images with each centered at a foreign object. The C-scan images revealed that most of foreign objects were observable. In addition, the structural features of fat and muscle tissues were clearly captured in the Cscan images.
In order to view the C-scan image of the whole area containing the foreign objects, standard image stitching processes were performed to combine these Cscan images (Figure 10) . The stitched C-scan image facilitates visual comparisons with the images obtained from other modalities.
B-scan ultrasound images
The B-scan ultrasound images were acquired by placing the probe to the side of the porcine tissue sample using the portable device operating at 4 MHz. Figure 11 shows two image sections of the porcine tissue sample. It can be seen that the bamboo skewer, plastic objects, and the glass piece are observable; however, edges of objects are not due to small cross-sectional size of the object and speckle artifacts. The metal object (No.5) is only apparent in one of the B-scan images due to its tilt orientation.
Film-based radiograph and computerized radiography (CR) image
The same porcine tissue sample was then imaged by two radiography systems. Figure 12A illustrates the film-based radiograph of the porcine tissue obtained at 44kVP and Figure 12B shows the CR image obtained at 40kVP. The thicker metal piece and the glass piece are the most visible in both the radiographs. For the aluminum alloy pieces (No. 4 and 5), the CR image shows better contour than the film-based radiograph. The bamboo skewer and plastic sticks are barely observable in either the film-based radiographs or CR images except the portions outside of the porcine tissue sample that are surrounded by air.
Visual comparison of the C-scan images and the radiographs
Although C-scan ultrasound and radiography systems use similar imaging geometries, their intensity representations are different. The foreign objects are represented with higher gray levels (brighter) in the radiographs rather than the lower gray levels (darker) in the C-scan attenuation images. For better visual comparison, we inverted the intensity of the C-scan images and placed them above the radiographs. Figure 13A shows the intensity inverted C-scan image and the film-based radiograph; Figure 13B shows the intensity inverted C-scan image and the CR image. The arrows connected to each number point out the same object in both images. The comparison images illustrate that both the bamboo skewer and plastic objects in the C-scan images are more conspicuous than those in the radiographs. Figure 9 . A series of C-scan images for the foreign objects contained in the porcine tissue sample. The bold numbers indicate the specific foreign object according to Table 1 .
Contrast-to-noise ratio analyses
We further analyzed the detectability of the object image by computing the contrast-to-noise ratio (CNR) for each foreign object within the porcine tissue sample per modality: 2 / ) ( ) ( Table 2 for all modalities used in the experiment. Bold numbers in Table 2 indicate the highest CNR value among all imaging modalities.
From Table 2 , we found that for the thin aluminum alloy (No.5) and glass (No.6) objects, Figure 10 . The stitched C-scan image of the porcine tissue sample containing the foreign objects. The arrows point to the locations of the foreign objects inserted in the porcine tissue and the numbers indicate the foreign objects according to Table 1 . Table 1. radiographs had highest CNR values of 3.46 (CR) and 8.43 (Film-based radiography) as compared to the ultrasound images; for the thicker aluminum alloy (No.4), the CNR values of both radiographs were also over 7. However, their performance in detecting objects Nos.1, 2, 3, and 7 was not considered as observable due to lower CNR values. Table 1. foreign object can be seen in the conventional B-scan image which makes it less favorable as a device for detecting foreign object in soft tissue. If we consider a CNR value of 1.5 as the contrast threshold, C-scan ultrasound images can clearly see the foreign objects except the thin aluminum alloy (No.5) whose acoustic attenuation is very close to the muscle.
DISCUSSION AND CONCLUSIONS
In this preliminary study, we investigated the conspicuity of seven foreign objects of various materials placed in a porcine soft tissue sample by using a C-scan ultrasound prototype, a portable B-scan ultrasound, a filmbased radiography, and a computerized radiography. Acquired images were quantitatively analyzed to determine the conspicuity and CNR of the foreign objects.
Based on the visual comparisons and CNR analyses, we found that for film-based radiography and CR, aluminum alloys and glass possess highest CNR values; nevertheless, they were clearly visible in both C-scan and B-scan ultrasound images. The study demonstrated that bamboo, aluminum alloy (5182 series), heavy-weight polystyrene, nylon, and extra heavy-weight polystyrene objects were better detected by ultrasound imaging systems than radiography systems.
Comparatively, the C-scan images were specklefree and did not have the same degree of geometric distortion as the conventional B-scan ultrasound images. Additionally, the structural features of the fat and muscle tissues in the porcine tissue sample were observable in the C-scan, but not in the B-scan images. According to the CNR analysis, the C-scan images had the highest values for four out of seven foreign objects and the three remaining objects were also clearly visible. Hence, the C-scan prototype can provide greater image quality and lead to better clinical detection for many types of foreign objects.
Ultrasound imaging has been widely used in medical diagnostic applications based on its real-time imaging ability, radiation-free, and non-invasive. The Cscan prototype described in this paper has been developed to combine the advantages of using ultrasound as a nonionized source and a projection imaging geometry similar to conventional radiography. Based on the study results shown above, C-scan ultrasound imaging, when used for the detection of foreign objects in soft tissues, can be a useful tool in the care of patients with penetrating injuries, both for the detection of and as an interactive imaging tool to facilitate wound cleaning. Moreover, the PE-CMOS sensor array used for C-scan imaging will likely prove useful in other medical applications for its real-time, high resolution, high contrast, and fluoroscopy-like image display.
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